The Kashiwazaki-Kariwa Nuclear Power Plant suffered extreme shaking during the 2007 Niigata-ken Chuetsu-oki earthquake. Accelerograms observed at the dense seismometer array in the plant are now open to the public and will provide valuable knowledge. The temporal changes of S-wave velocity were examined by using normalized input-output minimization (NIOM) method based on the vertical array records observed during the mainshock and the events before and after it. It was found that the S-wave velocity in the layers (surface-50 m depth and 50-100 m depth) decreased significantly during the principal motion of the mainshock, indicating nonlinear behavior. Whereas nearly linear behavior was observed in the bedrock layer (below 100 m depth). It was also found that the S-wave velocity increased in the layers above 100 m depth soon after this motion, indicating no major liquefaction in these layers. Finally, the relationship between the shear modulus and shear strain was examined based on the obtained S-wave velocities.
Introduction
The Niigata-ken Chuetsu-oki earthquake (16 July 2007, M6.8) caused severe damage in Niigata Prefecture. Damage was also observed in the Tokyo Electric Power Company (TEPCO)'s Kashiwazaki-Kariwa nuclear plant located about 8.5 km from the fault rupture.
The seismic observation (accelerograms) had been recorded in a dense seismometer array located at the plant site. TEPCO has published records of different seismic events: before, during, and after the Niigata-ken Chuetsu-oki earthquake, observed at the dense seismometer array (TEPCO, 2008) . These records provide useful information for various examinations such as seismic response of the structure, seismic response of the ground, and the soil-structure interaction.
Various laboratory tests have been conducted by many researchers (e.g. Seed and Idriss, 1970; Hardin and Drnevich, 1972a; Hardin and Drnevich, 1972b; Katayama et al., 1986; Hatanaka et al., 1988; Sun et al., 1988) to examine nonlinear properties of different soil types and revealed that soil properties are affected by various factors such as shear-strain level, confining stress, void ratio, the extent of disturbance to the specimen and so on.
In-situ examination of the nonlinear property of soil utilizes vertical array records 2 of actual earthquakes because a strain level large enough to cause nonlinear behavior in in-situ soil is unattainable by artificial excitations. So the method used is inversion calculation using multiple reflection analysis of SH waves and equivalent linear analysis based on the constitutive relationship of soils (Ohta, 1975; . Tokimatsu et al. conducted inversion analysis of the vertical array records observed in the Kashiwazaki-Kariwa NPP and pointed out a significant reduction of the shear moduli in the Holocene and Pleistocene sand layers during the mainshock of the 2007 Niigata-ken Chuetsu-oki earthquake . In their analysis, however, the S-wave velocities were assumed to be invariant with respect to time throughout each array record (as in usual equivalent linear analyses) and compared with those measured by PS logging. Therefore, the estimated shear moduli in their study can be considered as time-averaged values. The temporal changes of the moduli during a single earthquake have not been examined. Kawakami and Bidon (1997) , Kawakami and Haddadi (1998) , and Haddadi and Kawakami (1998a) developed the simplified input output relation method (SIORM) and normalized input-output minimization (NIOM) method to examine wave propagation velocity using vertical array records. The validity of these methods has been shown with different vertical array records. In addition, the results from the NIOM analysis of the 1995 Hyogo-ken Nambu earthquake at the Port Island vertical array site clearly showed the liquefaction of the surface layer by detecting a decrease in S-wave velocity in the top layer by analysis of different parts of the aftershocks (Hadaddi and Kawakami, 1998b) .
These results showed the temporal changes in the characteristics of soil at different layers and are useful for engineering purposes. On the other hand, nonlinear behavior of the relatively rigid ground where important facilities such as nuclear power plants are located has not been closely examined so far.
In this study, using the NIOM method, records of the mainshock and the aftershocks of the 2007 Niigata-ken Chuetsu-oki earthquake at the vertical array of the Service Hall (KSH) at the Kashiwazaki-Kariwa nuclear power plant were analyzed. Also, using the previous earthquake records at the same array site, the temporal variation of S-wave velocity was examined. It was observed that the S-wave velocity decreased significantly in the surface layer (surface to 50 m depth) and intermediate layer (50-100 m depth) during the principal motions of the mainshock. However, the S-wave velocity started to increase soon after this motion, indicating no occurrence of liquefaction in these layers.
On the other hand, in the bedrock layer (below 100 m depth), the S-wave velocity variation was negligible, showing nearly linear behavior even during the principal motions of the mainshock.
Outline of NIOM method
This section describes the outline of NIOM method developed by Kawakami and Haddadi (1998) .
Let H(ω) be the transfer function of a system representing the relationship between two points in a vertical array where the waveforms were observed simultaneously.
Then the output model of the system, y(t), for an arbitrary (real-valued) input model x(t) can be calculated by
where X(ω) and Y (ω) are the Fourier transform of the input and output models x(t) and y(t), respectively.
To get the simplified input and output models that satisfy Eq. (1), the following constraint is imposed on input x(t).
and the sum of the squared Fourier amplitude and its time derivatives are minimized subject to the above constraint. Thus, the Lagrange multiplier method gives
where λ is the Lagrange multiplier, and k is the weighting constant for the time derivatives.
Substitute Eq. (1) into Eq. (3) and minimize the equation thus obtained as
where * denotes the complex conjugate. After minimization, the input model X(ω i ) and output model Y (ω i ) are obtained as follows.
X(ω
The parameter k in Eq. (3) controls the contribution of high frequency components to L. That is, increasing the value of k decreases the contribution of high frequency components. However, because the lag time that gives a prominent peak in the output model is not affected much, the choice of the value of k is not critical.
Lastly, the inverse Fourier transforms of the input model X(ω) and output model Y (ω) will give the simplified input model x(t) and y(t) in time domains. For 6 the calculation of the inverse Fourier transform using FFT, the first half of the Fourier components of the models were calculated by Eq. (5), and the number of the Fourier components was increased by a factor of 16 by padding with trailing zeros to interpolate time intervals by 1/16. Then, the latter half of the Fourier components were set to the complex conjugates of the first half to get real-valued waveforms by FFT.
As mentioned above, the NIOM method is a simple input-output analysis technique in which the transfer function is calculated from two observation data satisfying input x(t) at x(0) = 1. It is similar to a receiver function (Langston, 1989) . In a receiver function, input x(t) should be assumed as a suitable pulse, however, in the NIOM method, the adjustment features are included to get simplified input and output waveforms.
KSH vertical array
To investigate the temporal change of S-wave velocity before, during, and after the main shock, the observation records at the KSH vertical array installed in the Service Hall, an educational facility for visitors, were used in this study (TEPCO, 2008) . As shown in Figure 1 , this vertical array consists of four observation points from SG1 (ground surface) 7 to SG4 (250 m depth). Each observation point records EW, NS, and UD components of the acceleration. In this study the NS and EW components were used. Though the NS direction is rotated 18
• 54 51 towards the east, we simply used the terms NS and EW.
Figure 2 (a) shows observed and synthetic waveforms of a small earthquake that occurred before the 2007 Chuetsu-oki earthquake. The synthetic waveforms were calculated with the Thompson-Haskell technique using the observed waveform at SG4.
The observed waveform at SG1 shows larger amplification than that for the synthetic waveform at SG1, whereas the waveforms at SG2 and SG3 are similar to the synthetic ones. 
Estimation method of S-wave velocity
The KSH vertical array is located on the Arahama sand dune and the surface layer is a between SG4-SG3 obtained by NIOM analysis.
Here, T 4−3 is the S-wave propagation time (0.271 s) in the SG4-SG3 layer obtained by PS logging. Getting β 3 from equation (6), β 2 and β 1 were estimated by the following equations using the propagation times t 3−2 and t 2−1 obtained from the NIOM analysis.
Now, if we let the propagation time be t, propagation velocity be β, and propagation distance be L, then from the relationship β = L/t, the relation between propagation velocity error Δβ and propagation time reading error Δt can be shown as
Here, if propagation time reading error is substituted by sampling rate Δt = 0.01 s, the propagation velocity error Δβ can be estimated as 15 m/s for all three layers.
Analysis results

Analyzed accelerograms
The earthquake accelerograms analyzed in this paper are summarized in Table 1 . Among these, earthquakes a to x are aftershocks of the 2007 Niigata-ken Chuetsu-oki earthquake.
Similarly, A to C are earthquakes that occurred before the Niigata-ken Chuetsu-oki earthquake close-up of the P-wave part of the seismic waves. In the waveforms, the record at SG1 (at ground surface) has a simpler shape than those underground due to loss of high frequency components. Figure 5 shows the Fourier amplitude spectra of the accelerograms. We can clearly see the loss of high frequency components (more than 4 Hz) and the amplification of the lower frequency components in the horizontal directions of the surface records (SG1).
Results of NIOM analysis
In NIOM analysis for the earthquakes that occurred before and after the Niigata-ken Chuetsu-oki earthquake, 2.5 s time intervals of the principal motion of the S-wave part were analyzed. In the analysis of the mainshock, a moving window of 4.0 s duration was used from 26 to 150 s in 2 s increments. A cosine taper time window of 0.25 s intervals on both sides was used to select the analysis interval. In the NIOM analysis of the Port Island records observed during the 1995
Hyogo-ken Nanbu earthquake and its aftershocks (which occurred within six minutes after the mainshock), no clear peak could be found in the results of the mainshock, whereas the peaks for the aftershocks were detectable and showed a significant decrease of S-wave velocity (Hadaddi and Kawakami, 1998b) . Based on the results of temporal change of the shear moduli obtained by inversion analysis of the Port Island records, Pavlenko and Irikura (2002) also pointed out that the shear modulus in the upper 0-13 m decreased by 80-90% shortly after the S-wave arrival of the mainshock due to liquefaction and then recovered gradually. Considering these results, although settlements of about 15 cm were reported in the KSH site Arai, 2008a and 2008b) , it can be concluded that there was no major liquefaction at the KSH site.
Temporal change of S-wave velocity during, before, and after the 2007 Niigata-ken
Chuetsu-oki earthquake Figure 7 shows the S-wave velocities estimated by equations (6) In the results for the aftershocks shown in Figure 7 (c), we can observe that the velocities in the surface and intermediate layers were still smaller than the average values even after eight months. This indicates that once the soil layer was nonlinearized by strong ground shaking, the effect remained for more than several months. The gradual increase of the S-wave velocities in these layers can also be observed. However, the velocities for these layers show a variation larger than the amount of the increased velocities during the period in which the analyses were conducted. Follow-up analyses are needed for detailed discussion of the healing process of soil layers.
Relationship between shear modulus and shear strain
The relationship between shear modulus and shear strain was examined based on the S-wave velocities obtained from NIOM analysis. The normalized shear mudulus is defined as
where G is the shear modulus, β is the S-wave velocity, and the suffix 0 indicates linear property. Assuming that the soil property remained linear during the earthquakes that occurred before the Niigata-ken Chuetsu-oki earthquake, the average S-wave velocity estimated from the earthquakes before the Niigata-ken Chuetsu-oki earthquake was used as β 0 .
Because shear strain was not observed in the site, we defined average strain ε as
where V RM S is the RMS value of the velocity waveform during the corresponding time window. Equation (10) is based on the one-dimensional propagation of seismic waves as given by
where u is the displacement of seismic waves and z is the coordinate axis along the wave propagation direction.
Figures 8a-c show the normalized shear modulus reduction for the three layers.
As we pointed out earlier, no significant nonlinear behavior was observed in the result for the base layer (Fig. 8c) . However, the shear strain reached about 0.08% during the principal motion.
In the intermediate layer, the shear modulus decreased to G/G 0 = 0.6 at the strain level of ε =0.1-0.2% (Fig. 8b ). Soon after, the shear modulus gradually increased to about 0.9, and this process formed a relationship between shear modulus and shear strain. For the surface layer, it is difficult to make a quantitative discussion because of the large variation and the anisotropical propagation velocity in the results. However, we can confirm that the maximum value of the strain was between 0.1 and 1%, and the shear modulus decreased to about G/G 0 = 0.2.
Comparison with laboratory test results
The degradation of the shear modulus of soil due to strain has been investigated by many researchers, and it has been shown that the void ratio of the soil and confining stress strongly affect the shear modulus. The characteristic of the shear modulus reduction, G/G 0 , is largely affected by the confining stress, whereas the void ratio affects the shear modulus at a small strain, G 0 .
Because the surface and intermediate layers, which showed soil degradation, are sand dune deposits, we compared our results with laboratory test results that used undisturbed sand samples of Fujisawa sand conducted by Katayama et al. (1986) (also included in Ishihara, 1996) and an empirical relationship proposed by Shibata and Soelarno (1975) for reference.
The thick solid and thick broken lines in Figures 9 (a) and (b) show the shear modulus reduction of Fujisawa sand. In the study, hollow cylindrical specimens of undisturbed and disturbed soil were used in a torsional test apparatus. The undisturbed specimen was sampled from 5 to 9 m depth with the freeze-and-block technique. In-situ S-wave velocity was 260 m/s. This value is close to that of the surface layer at the KSH site.
The disturbed specimen was prepared by melting and freezing undisturbed samples to maintain the original void ratio wherever possible. In the Figure 9 (b), the shear moduli of undisturbed and disturbed specimens were normalized by the initial shear modulus of the undisturbed specimen at 1.0×10 -5 strain. Comparison between the results of undisturbed and disturbed specimens shows a significant degradation of the shear modulus caused by the small disturbance introduced by melting and freezing. Figure 9 (b) also shows the empirical relationship between the shear modulus and the shear strain along with the given confining stress proposed by Shibata and Soelarno (1975) , which is given by
where σ 0 is the confining stress in kgf/cm 2 , and ε is the shear strain. This relationship was derived by regression analysis of the laboratory test results of sand specimens.
In were lower than the empirical estimation, however, as pointed out in previous section the disturbance due to strong shaking might also affect the shear modulus in this layer, and taking into account this effect, both results can be considered as consistent with each other. However, because the effect of the disturbance due to seismic motion has not yet been examined closely, experimental studies on the effects of the disturbance due to strains of up to 1×10 -3 (a possible strain due to seismic motions) are required for the 21 accurate assessment of the nonlinear soil behavior.
Comparison with the results obtained by vertical array analyses
Our results are also compared with the in-situ shear moduli obtained from various vertical array records by other researches. Tokimatsu et al. (2008) Thus, some aspects of in-situ shear modulus reduction have been identified by the various analyses of the vertical array records; however, many questions such as details of the disturbance effects, the anisotropy of the shear modulus degradation, and so on are still unanswered. Therefore, further analyses of the vertical array records with various soil conditions are needed to account for these characteristics in the earthquake response computations. Considering that the aforementioned studies were largely based on the vertical array records, the authors would like to emphasize the significance of installing borehole arrays and making these data available to the public whenever possible.
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Conclusion
The major conclusions of this study are
1)
The S-wave velocity before the Niigata-ken Chuetsu-oki earthquake for the base layer was almost the same as estimated by PS logging. However, the S-wave velocities for the surface and intermediate layers were 10 to 20% smaller than those measured by PS logging.
2)
In the base layer, a very small reduction of velocity was observed during the principal motions, and the estimated velocity then increased to the initial value soon afterwards.
This indicates that the base layer was not affected much even by strong motions during the mainshock.
3)
Large reductions of S-wave velocity were seen in the surface and intermediate layers indicating nonlinear behavior of the soil due to the large amplitude of the seismic waves during the mainshock. Soon after the principal motions, the velocities increased gradually with a decrease of seismic intensity during the coda.
4)
During the aftershocks, there was a gradual increase in the S-wave velocities in the surface and intermediate layers but they are still smaller than the average values even after eight months. This indicates that once the soil layer was nonlinearized 24 by strong ground shaking, the effect remained after more than eight months.
5)
The normalized shear modulus reduction relationship obtained by the NIOM analysis of the mainshock records was similar to the laboratory test results. The degradation of the shear modulus observed in the surface and the intermediate layers after the mainshock is associated with disturbance caused by the shear strain during the mainshock.
Data and Resources
The Association for Earthquake Disaster Prevention (AEDP) provides the CD-ROM containing the accelerograms and the related informations used in the paper. The further information on the purchase of the CD-ROM can be found at their web site http://www.aedp-jp.com/. Figure 8 . Normalized shear modulus reduction relationship for the three layers at the KSH site based on the S-wave velocity shown in Fig. 7 . Numbers at the results of the mainshock indicate center time of the time-window. In the diagrams, Laboratory test results of Fujisawa sand obtained by Katayama et al. (1986) in diagram (a) for reference. The empirical relationships proposed by Shibata and Soelarno (1975) Figure 9 . (a) Shear moduli obtained from laboratory test using undisturbed and disturbed samples of Fujisawa sand by Katayama et al. (1986) (also included in Ishihara, 1996) (b) Normalized shear moduli of Fujisawa sand and empirical relationship proposed by Shibata and Soelarno (1975) .
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